Protists that live in low oxygen conditions often oxidize pyruvate to acetate via anaerobic ATP-generating pathways. Key enzymes that commonly occur in these pathways are pyruvate:ferredoxin oxidoreductase (PFO) and [FeFe]-hydrogenase (H 2 ase) as well as the associated [FeFe]-H 2 ase maturase proteins HydE, HydF, and HydG. Determining the origins of these proteins in eukaryotes is of key importance to understanding the origins of anaerobic energy metabolism in microbial eukaryotes. We conducted a comprehensive search for genes encoding these proteins in available whole genomes and expressed sequence tag data from diverse eukaryotes. Our analyses of the presence/absence of eukaryotic PFO, [FeFe]-H 2 ase, and H 2 ase maturase sequences across eukaryotic diversity reveal orthologs of these proteins encoded in the genomes of a variety of protists previously not known to contain them. Our phylogenetic analyses revealed: 1) extensive lateral gene transfers of both PFO and [FeFe]-H 2 ase in eubacteria, 2) decreased support for the monophyly of eukaryote PFO domains, and 3) that eukaryotic [FeFe]-H 2 ases are not monophyletic. Although there are few eukaryote [FeFe]-H 2 ase maturase orthologs characterized, phylogenies of these proteins do recover eukaryote monophyly, although a consistent eubacterial sister group for eukaryotic homologs could not be determined. An exhaustive search for these five genes in diverse genomes from two representative eubacterial groups, the Clostridiales and the a-proteobacteria, shows that although these enzymes are nearly universally present within the former group, they are very rare in the latter. No a-proteobacterial genome sequenced to date encodes all five proteins. Molecular phylogenies and the extremely restricted distribution of PFO, [FeFe]-H 2 ases, and their associated maturases within the a-proteobacteria do not support a mitochondrial origin for these enzymes in eukaryotes. However, the unexpected prevalence of PFO, pyruvate:NADP oxidoreductase, [FeFe]-H 2 ase, and the maturase proteins encoded in genomes of diverse eukaryotes indicates that these enzymes have an important role in the evolution of microbial eukaryote energy metabolism.
Introduction
Aerobic mitochondrial energy metabolism is widespread but not universal among eukaryotes. Eukaryotes in low oxygen environments have adapted to the absence of oxygen, utilizing distinct energy generation pathways from those found in classical mitochondria. Anaerobic eukaryotes comprise a surprisingly diverse, polyphyletic group of organisms, including multicellular metazoa with anaerobic life stages, such as platyhelminths (Takamiya et al. 1994 ) and segmented worms (Mustafa et al. 1983) , fungi (Bowman et al. 1992) , and a wide array of unicellular, permanently anaerobic protists (Yarlett et al. 1981; Broers et al. 1990; Brul et al. 1994; Clark and Roger 1995; Akhmanova et al. 1998; Williams et al. 2002; Riordan et al. 2003; Tovar et al. 2003; Simpson et al. 2004) . Whereas metazoa living in transiently or permanently anoxic environments often possess ''anaerobic mitochondria'' that use alternative electron acceptors (Tielens et al. 2002) , anaerobic protists contain hydrogenosomes or mitosomes: double membrane-bounded organelles related to ''mitochondria,'' with some shared core functions (Embley and Martin 1998; Dyall and Johnson 2000; Barberà et al. 2007 ).
Anaerobic energy metabolism in protists is accomplished through reactions catalyzed by several key enzymes such as pyruvate:ferredoxin oxidoreductase (PFO), [FeFe] hydrogenase (H 2 ase) and its associated maturase proteins (HydE, HydF, and HydG), acetate:succinate CoA transferase (ASCT) (van der Giezen et al. 2005) , acetyl-CoA synthetase (Müller 1993) , and pyruvate formate lyase (Akhmanova et al. 1999; Mus et al. 2007 ). In different organisms, these enzymes are known to function in different subcellular compartments, including the cytosol (e.g., in Giardia and Entamoeba) (Müller 1998; Tovar et al. 1999) , mitochondria, and mitochondrion-related organelles such as hydrogenosomes Stechmann et al. 2008) , and, in some photosynthetic protists like Chlamydomonas, enzymes such as [FeFe] -H 2 ase and possibly PFO function in the chloroplast (Mus et al. 2007; Dubini et al. 2009) .
PFO is responsible for the anaerobic decarboxylation of pyruvate in a thiamine pyrophosphate (TPP)-dependent reaction that produces acetyl-CoA, CO 2 , and two electrons (Charon et al. 1999) . The electrons are transferred to [FeFe] -H 2 ase via a ferredoxin carrier, resulting in the production of hydrogen gas (van der Giezen et al. 2005 ). Protists such as Euglena and apicomplexans such as Cryptosporidium and Plasmodium contain a pyruvate: NADP oxidoreductase (PNO) that shares the same N-terminal domain as PFO but is fused to a C-terminal NADP-cytochrome P450 oxidoreductase domain known as CPR or ''CysJ'' (Rotte et al. 2001 ). This enzyme also decarboxylates pyruvate to acetyl-CoA, but in this case, electrons are passed to NADPþ to generate NADPH.
The conversion of acetyl-CoA to acetate occurs in eukaryotes in at least three different ways. In organisms containing anaerobic mitochondria or hydrogenosomes such as Trichomonas vaginalis, the acetyl-CoA is converted to acetate by an ASCT (Tielens et al. 2002; van Grinsven et al. 2008) . Succinyl-CoA synthetase (a tricarboxylic acid cycle enzyme) then utilizes the succinyl-CoA generated by the latter reaction to drive the phosphorylation of ADP to ATP (Müller 1993) . To date, two nonhomologous ASCT enzymes with separate origins have been identified in unicellular eukaryotes (van Grinsven et al. 2008) . In very few mitosome-bearing anaerobic eukaryotes such as Giardia and Entamoeba, PFO and [FeFe] -H 2 ase occur in the cytosol (Horner et al. 1999; Lloyd et al. 2002; Ctrnacta et al. 2006) , and the acetyl-CoA generated by these enzymes is converted to acetate via an acetyl-CoA synthetase (ADP forming) that directly phosphorylates ADP to ATP (Sanchez, Galperin, and Muller 2000) . In Chlamydomonas, the acetylCoA to acetate conversion is catalyzed in two steps by the sequential action of a phosphate acetyltransferase and acetate kinase (Dubini et al. 2009 ). Clearly, the pathways involved in acetyl-CoA to acetate conversion are significantly less well conserved within anaerobic eukaryotes in comparison to PFO and H 2 ase. Here we focus on the evolutionary history of the latter two enzymes and their associated proteins.
Three proteins, HydE, HydF, and HydG, are currently implicated in the assembly of mature [FeFe]-H 2 ase and, to date, have been described in only two eukaryotic species: T. vaginalis and Chlamydomonas reinhardtii (Carlton et al. 2007; Meyer 2007; Mus et al. 2007 ). These proteins are thought to be essential for maturation of the [FeFe]-H 2 ases to produce an active enzyme (Meyer 2007) .
The origins of PFO, [FeFe]-H 2 ase, and its associated maturases in anaerobic eukaryotes are controversial. The ''hydrogen hypothesis'' postulates that the mitochondrial symbiosis and eukaryogenesis occurred contemporaneously, initially driven by a syntrophic association between an anaerobic methanogenic archaebacterial host and hydrogen-producing facultatively aerobic a-proteobacterial symbiont (Martin and Müller 1998) . In this view, anaerobic energy metabolism was central to the origin of mitochondria and is ancestral to all extant eukaryotes. One implication of this hypothesis is that PFO and [FeFe]-H 2 ase first entered via the genome of the a-proteobacterial mitochondrial symbiont. Alternatively, it has been suggested that PFO and [FeFe]-H 2 ase enzymes found in extant anaerobic protistan lineages result from a more recent acquisition from anaerobic bacteria by a separate endosymbiotic event that supplanted the original mitochondrial symbiont and co-opted some of its biogenetic machinery (Dyall et al. 2004) . A third proposal, referred to here as the ''lateral gene transfer (LGT) origins hypothesis,'' suggests that these enzymes first originated in protists by one or several independent events of LGT from anaerobic bacteria and was subsequently spread to other protist lineages more recently by eukaryote-to-eukaryote transfer events (Barberà et al. 2007) . In this view, anaerobic metabolisms in protistan lineages represent more recent adaptations to low oxygen environments rather than retained biochemical pathways ancestral to all extant eukaryotes. It is important to note, however, that the hydrogen hypothesis and the LGT origins hypotheses are not mutually exclusive; it is possible that the ancestral anaerobic metabolic enzymes came in with the mitochondrial symbiont but were lost and regained (or replaced) subsequently by LGT from distinct bacterial donors. Therefore, if a more recent
LGT origin of these enzymes in eukaryotes were proven, it would not refute the hydrogen hypothesis; but by the same token, the ''bacterial'' nature of these proteins could not then be taken as evidence for their ancestral mitochondrial origin.
In any case, phylogenetic analyses to date have not shown strong evidence for a mitochondrial origin of these contemporary enzymes in eukaryotes as eukaryotic homologs do not show a close relationship with homologs from a-proteobacteria (Embley 2006; Barberà et al. 2007 ). On the other hand, there is also little convincing evidence for an origin of these protein genes in eukaryotes by a single separate endosymbiotic event or LGT events from anaerobic bacteria or other eukaryotes, as phylogenetic inferences of these enzymes are hampered by lack of resolution (i.e., unstable groupings and low bootstrap support) (Yang et al. 1985; Horner et al. 1999 Horner et al. , 2002 Vignais et al. 2001; Davidson et al. 2002; Embley 2006; Meyer 2007 (Hampl et al. 2008) . Recently, discovered hydrogenase maturation protien (hyd) maturase genes in several protist lineages may provide a novel avenue for examining [FeFe] -H 2 ase evolution in eukaryotes. The only phylogenetic analyses of these maturase genes published to date are network-based analyses that provided limited evidence for the monophyly of eukaryotic hydE and hydG orthologs, although few eukaryotic homologs had been characterized at the time (Putz et al. 2006) . This study focuses on the origin of anaerobic energy generation in eukaryotes by examining the evolution and distribution of PFO, PNO, [FeFe]-H 2 ase, and the [FeFe]-H 2 ase maturases HydE, HydF, and HydG. We report the results of Hug et al. · doi:10.1093/molbev/msp237 MBE a comprehensive survey that examines the phylogenetic distribution of these five enzymes across eukaryotic diversity. Additionally, we searched exhaustively for the presence or absence of these genes in genomes from two prokaryotic groups that have been suggested as possible donors of these enzymes to eukaryotes-the a-proteobacteria and the Clostridiales.
Materials and Methods

Database Searches
The presence/absence of pfo, pno, [FeFe]-H 2 ase, and the three H 2 ase maturase genes was examined for all available eukaryote whole-genome sequences and a representative selection of bacterial whole genomes on National Center for Biotechnology Information (NCBI) (http://www.ncbi. nlm.nih.gov) (see supplementary table 1 for a full listing of genomes surveyed, Supplementary Material online). To maintain reasonable numbers of bacterial genomes surveyed, only one strain of any given species was examined. Genomes were screened using the basic local alignment tools, BLASTp or tBLASTn, according to the availability of predicted coding sequences.
[FeFe]-H 2 ases were detected using query sequences from Nyctotherus ovalis (AAU14235) and Clostridium pasteurianum (P29166) for eukaryotic and bacterial genomes, respectively. Similarly, PFOs were screened using orthologs from Entamoeba histolytica (AAB49653) and Desulfovibrio africanus (CAA70873) as query sequences. H 2 ase maturase query sequences were taken from Clostridium kluyveri DSM 555 for screening both eukaryote and bacterial genomes (HydE: YP_001394007, HydF: YP_001395713, HydG: YP_001397177). Homology to PFO and [FeFe]-H 2 ase was determined for all sequences using an E value cutoff of less than 1 Â 10 À2 using the BLASTp conserved domains feature on NCBI. Only those sequences containing the appropriate conserved domains (PFO: TPP_PFOR and POR domains; [FeFe]-H 2 ase: Fe-Hyd and Fe-Hyd_SSU) were retained for further analysis. Further, respiratory complex proteins with high similarity to accessory domains of [FeFe]-H 2 ase were eliminated from the alignment. An exhaustive Blast search for the five genes within all clostridial and a-proteobacterial whole genomes available at the time of this study (see supplementary table 1, Supplementary Material online) was also conducted as described above.
Local and NCBI databases of expressed sequence tag (EST) sequences were screened using TBlastN for additional eukaryotic sequences for each of the five genes of interest. These sequences were incorporated into the first round of phylogenetic analyses, after which they were screened for length and excessively short sequences removed from the alignments.
Phylogenetic Analysis
For each protein, the sequences obtained from the Blast searches were added to preexisting data sets containing all previously known eukaryotic sequences. Alignments were made using MUSCLE version 3.6 (Edgar 2004) , refined with Hmmer (Eddy 1998) until the iterations converged, and then manually edited to mask out ambiguously aligned regions. Preliminary phylogenies were generated using RAxML (version 7.0.4) (Stamatakis 2006) under the PROT-CATWAG model of amino acid substitution. To reduce the number of taxa in each alignment, sequences from closely related prokaryotic species that grouped together in these initial trees were randomly eliminated, with one representative sequence maintained in the downstream analyses. For the [FeFe]-H 2 ase alignment, a large eukaryotic clade corresponding to the ''Narf-like'' proteins (Barton and Worman 1999) was removed and analyzed as a separate data set. For the PFO data set, five long-branch eukaryotic sequences were identified, corresponding to Rhizopus oryzae (2), Neurospora crassa, Spizellomyces punctatus, and Phytophthora ramorum. Examination of these sequences revealed that all lacked a complete POR domain due to partial sequence availability (EST data for S. punctatus) or significant domain reorganization (rest). The analyses described below were run with data sets including and excluding these sequences in order to test the relationships of the classical PFOs as well as for all related PFO-like proteins.
For the polished data sets, 10 independent maximum likelihood (ML) trees and 100 bootstrap replicates were generated with RAxML using the above-mentioned settings. The tree with the best likelihood score was chosen to represent the ML solution, and bootstrap values were mapped onto it. Bayesian inference (BI) posterior probabilities were determined using MrBayes (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) . For each gene, 1,000,000 generations were run for four chains under the Whelan and Goldman þ C model of amino acid substitution (except for [FeFe]-H 2 ase where 3,000,000 generations were used). Sampling occurred every 100 generations, with a burn-in of 100,000 generations ([FeFe]-H 2 ase burn-in was 300,000 generations).
Topology Tests
To test whether various phylogenetic hypotheses were significantly rejected by the data, we utilized two topologytesting methods: the expected likelihood weights (ELW) method (Strimmer and Rambaut 2002) implemented in RAxML and the approximately unbiased (AU) test implemented in CONSEL (Shimodaira and Hasegawa 2001) . Both these tests require a large sample of ''good'' trees in addition to the test topologies to accurately estimate P values (see Shi et al. 2005) , so for each of the tests 100 bootstrap trees were included in the analyses. The ''best-case'' topologies representing a given phylogenetic hypothesis were obtained using RAxML to find the tree of highest likelihood given a specified constraint tree (e.g., constrain eukaryotes to be monophyletic) using the Àg RAxML option with all other model settings as previously described. Final likelihoods for all trees under examination were obtained using the PROTGAMMAWAG model and are summarized in table 1. Phylogenetic analysis of the available PFO sequences showed two contradictory trends. With the five longbranch eukaryote sequences included ( fig. 1 ), the eukaryotes resolved into two groups: a major monophyletic group containing most eukaryotes and second group comprising T. pyriformis and Monocercomonoides sp. Whereas the latter received strong bootstrap support, the major eukaryotic clade was virtually unsupported under ML but received a strong posterior probability using BI. A similar trend was seen under BI with the long-branch eukaryotes removed (supplementary fig. S1 , Supplementary Material online), but in this case, T. pyriformis and Monocercomonoides sp. are placed within a group of mixed eubacterial species that is sister to the major eukaryote clade. Only in ML analysis with the long-branch eukaryote taxa removed was a monophyletic eukaryote PFO domain clade recovered, albeit with weak support (bootstrap percent [BP] 5 55%) (supplementary fig. S2 , Supplementary Material online). To explicitly test whether eukaryote monophyly could be rejected with the various data sets, we compared ML trees estimated under the constraints of eukaryote monophyly with the global ML trees using topology tests. Both ELW and AU tests confirmed that eukaryote monophyly cannot be rejected as a hypothesis for the PFO data, with or without the long-branch eukaryotes included (table 1) .
From these analyses, it can be seen that certain previously reported trends hold true: the deep branches in both the bacterial and the eukaryote parts of the trees are poorly supported by bootstrap analysis and the topology does not reflect putative organismal relationships (defined on the basis of ribosomal RNA phylogenies for the prokaryotes), indicating possible lateral transfers or signal saturation for the PFO gene (Hrdy and Muller 1995; Embley, van der Giezen, Horner, Dyal, Bell, and Foster 2003; Embley 2006) . However, our analyses show a slightly different picture for the eukaryote PFO phylogeny than reported previously in that the monophyly of eukaryotic PFOs is neither strongly recovered nor excluded by the data. Within the eukaryotes, if we restrict attention to groups with .60% bootstrap support, some groups make sense in terms of the underlying organismal phylogeny, whereas others do not. The presence of a group consisting of Cryptosporidium þ Perkinsus indicates that the PFO domain of this lineage dates to at least before the split of the apicomplexa and dinoflagellates within the alveolate clade. In contrast, the separation of Trimastix and Monocercomonoides from the diplomonad/retortamonad clade does not agree with latest multigene analyses of eukaryotes where these organisms are united in the supergroup Excavata (Hampl et al. 2009 ), although again the bootstrap support for branches splitting them apart is weak (i.e., typically ,50%). Our analyses consistently show the eukaryotes branching as closely related to a large clade made up of a variety of homologs from disparate bacterial groups. Consistent with previous published phylogenies, a-proteobacterial homologs branch within this clade but strongly cluster with homologs from other bacterial groups to the exclusion of eukaryotes with high bootstrap support. Both ELW and AU topology tests strongly reject trees estimated with eukaryotic PFOs constrained to form a clade with a-proteobacterial homologs (P , 0.001, table 1), ruling out a sister-group relationship between these sequences. The [FeFe]-H 2 ase phylogeny shows a similar pattern to the PFO analyses in that much of the deep structure of the tree is poorly resolved (i.e., most branches receive ,50% bootstrap support; fig. 2 ). However, unlike the PFO analyses, the eukaryote [FeFe]-H 2 ase sequences are clearly not monophyletic; bacterial and eukaryotic sequences are interspersed in the tree similar to earlier phylogenetic studies of this enzyme (Vignais et al. 2001; Davidson et al. 2002; Vignais and Billoud 2007) . The vast majority of the eukaryote sequences branch as five clusters within a giant clade (clade A, fig. 2 ) containing a mix of dozens of bacterial sequences from many major divisions of bacteria, including the Clostridiales, d-proteobacteria, a-proteobacteria, Thermotogales, Bacteriodetes, and Spirochetes. Only two of these eukaryote clusters (Thalassiosira and ciliate homologs) group specifically with a group containing an 
a Tree topologies tested were either unconstrained during ML tree searching (ML tree) or the stated monophyly constraint was enforced during ML tree searching.
Hug et al. MBE link between the eukaryote sequences and a-proteobacterial homologs, as a topology estimated with these sequences constrained to form a clade was rejected by both ELW and AU tests with P values ,0.001 in both cases (table 1) . Analysis of the separate Narf-like homologs indicated that although they are phylogenetically distinct from [FeFe]-H 2 ases, their interrelationships are largely unresolved (data not shown). Possible evolutionary scenarios for the Narf proteins have been discussed in detail elsewhere (Meyer 2007 ) and will not be elaborated upon here.
The H 2 ase maturase proteins HydE, HydF, and HydG provide alternative avenues for examining the relationship between anaerobic eukaryotes and eubacteria. In the HydE phylogeny ( fig. 3) , the six eukaryote sequences formed a monophyletic clade with moderate support that branched in a cluster containing Syntrophomonas wolfei (clostridia) and Desulfotalea psychrofila (d-proteobacteria). In comparison to a previous study that also recovered a monophyletic eukaryote clade (Putz et al. 2006) , we report two novel eukaryote sequences from T. pyriformis and Acanthamoeba castellanii. An intriguing result of our HydE analysis is the finding of these genes in several species of euryarchaeote archaebacteria. Archaebacteria do not possess clear homologs of [FeFe]-H 2 ases (Meyer 2007) , so the function of these hyd genes in these organisms is mysterious. The presence of the hydE gene in these organisms may be the result of an LGT event from eubacteria; however, a donor lineage cannot be determined; the The Origins of PFO and Hydrogenase in Eukaryotes · doi:10.1093/molbev/msp237 MBE euryarchaeote sequence clade branches independently without any close relatives. In the HydF analysis ( fig. 4a) , the two eukaryotes (T. vaginalis and C. reinhardtii) branched together with strong support, with the clostridium S. wolfei as the closest bacterial representative, strikingly similar to the pattern observed in the HydE analysis. We also discovered novel eukaryotic HydG sequences from Mastigamoeba balamuthi, Andalucia incarcerata, A. castellanii, and T. pyriformis, all of which branch in a strongly supported eukaryote clade with the (fig. 4b ). This clade grouped with a clostridium (not S. wolfei as in the other Hyd analyses) and a d-proteobacterium with strong support. The presence of HydG, an essential protein for [FeFe]-H 2 ase activity (Meyer 2007) , in M. balamuthi, A. incarcerata, A. castellanii, and T. pyriformis provides evidence for a classical function for their [FeFe] -H 2 ases. The absence of one or both the other hyd maturase genes in these organisms cannot be confirmed, as there are no complete genomes currently available for these species.
In contrast to PFO and [FeFe]-H 2 ase phylogenies, all three maturase analyses yielded moderate to strong bootstrap support for the ''backbones'' of these trees. Furthermore, the eukaryote homologs, although few in number, are supported as a monophyletic group in each of the three individual analyses. Eubacterial groups are also generally more strongly supported than in the PFO or [FeFe]-H 2 ase phylogenies; however, relationships within and between bacterial groups seem to be heavily influenced by
LGT as major eubacterial divisions are phylogenetically interspersed. The sparse eukaryote distribution and general lack of strong support for specific eubacterial sister groups prevent strong conclusions from being made about the origins of the hyd genes in eukaryotes other than showing that eukaryotic sequences found thus far are monophyletic (Putz et al. 2006 ). However, the consistent relationship observed between eukaryote and S. wolfei homologs for HydE and HydF is tantalizing and could represent a common LGT origin for these two proteins in eukaryotes. Because all three Hyd maturase proteins appear to contain stronger phylogenetic signal for ''deep'' branches than either PFO or [FeFe]-H 2 ase, they are promising alternative candidates for exploring the origin of eukaryote anaerobic energy metabolism once more eukaryote homologs become available.
The Phylogenetic Distribution of PFO, [FeFe]-H 2 ase, and Hyd Proteins in Eukaryotes
In order to gain a clearer picture of the evolution of these proteins, we carried out an exhaustive survey for the presence/absence of the five genes that encode them in all completed eukaryotic genome sequences, as well as NCBI and local EST databases. One caveat for such a survey as it pertains to EST data is that it is inherently biased: the presence of a gene in EST data constitutes a datum, but the lack of a ''hit'' in an EST database is not a definitive negative, as the gene may just not be represented within the current EST data. Figure 5 shows the presence/absence of distribution of the five genes among eukaryotes for which data are available. The overall conclusion that can be drawn is that taxa where the genes are present are phylogenetically interspersed among eukaryotes that lack the genes. We found genes for pfo, [FeFe]-H 2 ase, and some of the maturases in several taxa that were hitherto unknown to contain them. For instance, we report the presence of four out of the five genes for the amoebozoan A. castellanii (only HydF is still uncertain) and the presence of pfo, [FeFe]-H 2 ase, and one maturase gene (hydG) in the jakobid A. incarcerata. Comparison of the domain structure of the [FeFe]-H 2 ases in three newly discovered sequences (A. castellanii, A. incarcerata, and Amoebidium parasiticum) was carried out to avoid false positives (Meyer 2007 ).
[FeFe]-H 2 ases contain a conserved domain (H-cluster) but may also have several accessory domains accommodating Fe-S clusters that bear similarities to domains of ferredoxins or complex I of the respiratory chain (Vignais et al. 2001; Meyer 2007) . For instance, the [FeFe]-H 2 ase of the ciliate N. ovalis is fused to a [2Fe-2S] NuoE-like domain and a NuoF-like domain at the C-terminus, both of which are part of the electron transport chain complex I (Akhmanova et al. 1998), whereas the [FeFe]-H 2 ase of the stramenopile Blastocystis presents a novel fusion of a flavodoxinlike domain that occurs at the C-terminus . Inspection of the H-cluster from all sampled eukaryote sequences revealed that each contained the key conserved cysteines (not shown), suggesting that they are probably genuine [FeFe]-H 2 ases. Like [FeFe]-H 2 ases, PFO also contains a number of conserved cysteine residues that are organized in two 4Fe cluster motifs (CxxCxxCxxxCP) in the delta subunit (corresponding to domain V in eukaryotes) plus four single residues in the beta subunit (corresponding to domain VI in eukaryotes) (Rotte et al. 2001 ). The 4Fe cluster motifs are present in all PFOs sampled in this study; however, in R. oryzae and N. crassa, one of the specific cysteine residues is missing (see below). Figure 5 shows that a number of species contain PFO homologs but appear to lack [FeFe]-H 2 ase. Interestingly, in all these cases, the PFO homologs are part of a fusion protein. The majority is PNO fusion proteins made up of an N-terminal PFO domain and a C-terminal cytochrome P450-NADP oxidoreductase. This C-terminal domain is also known as CysJ and is homologous to the alpha (flavoprotein) subunit of a sulfite reductase (Zeghouf et al. 1998 ). In two organisms (N. crassa and P. infestans), the C-terminal part of the PFO fusion protein is homologous to a cysI domain, which is the beta (hemoprotein) subunit of a sulfite reductase. Parts of the PFO domain are deleted in these two organisms (see fig. 1 ). The R. oryzae PFO sequences show domain deletions in PFO and have evidence for being a possible PNO fusion protein, but the sequence is partial, and definitive characterization cannot be made. The ''mix and match'' of protein domains seen within the eukaryotic PFO variants likely imparts novel functions to the PFO domain, increasing its potential to interact with different redox partners and possibly removing it from an exclusive role in the anaerobic energy generation pathway (Rotte et al. 2001) .
It has been postulated that the Hyd proteins are necessary to produce an active [FeFe]-H 2 ase in bacteria (Meyer 2007) . Many of the eukaryotes surveyed contain [FeFe]-H 2 ases but no hyd maturase genes. However, in almost all cases, these organisms have not had their genome sequence completely determined, and thus, the absence of the hyd genes cannot be confidently assessed (question marks in fig. 5 ). The notable exceptions to this are the The Origins of PFO and Hydrogenase in Eukaryotes · doi:10.1093/molbev/msp237 MBE diplomonad G. intestinalis, the amoebozoan E. histolytica, and the diatom Thalassiosira pseudonana, for all of which complete genome sequences are available and all of which lack detectable hyd homologs. One possibility is that these genes may be present but so divergent that they are virtually undetectable. On the other hand, they may indeed be absent, which calls into question the requirement for maturases in eukaryotes. A previous study (Lloyd et al. 2002) showed that Giardia, despite the apparent lack of maturase genes, is capable of producing molecular hydrogen but only at levels that are 10-fold lower than in Trichomonas (which has all three maturase genes). As a result, it has been suggested that the presence of the maturase genes enables an organism to produce high levels of H 2 , whereas their absence leads to H 2 production at a much lower rate but which is still sufficient to ensure that the organism is capable of generating energy under anoxic conditions (Lloyd et al. 2002) . It is also possible that [FeFe]-H 2 ases in eukaryotes that apparently lack maturase genes have an entirely novel function though this has not been empirically tested.
The Phylogenetic Distribution of PFO, [FeFe]-H 2 ase, and Hyd Proteins in Clostridiales and a-Proteobacteria
We compared the distribution of these five genes in eukaryotes with their distribution among two different prokaryotic groups, each of which has been implicated in the origin of hydrogenosomes in eukaryotes: the Clostridiales (Whatley et al. 1979 ) and the a-proteobacteria Germot et al. 1996; Horner et al. 1996; Roger et al. 1996; Martin and Müller 1998; van der Giezen et al. 2005) . After the initial discovery of hydrogenosomes, it was hypothesized that these organelles could have been derived from a separate symbiosis of a Clostridium-like organism based on the metabolic similarities that at the time were known to exist between these organelles and these gram-positive bacteria (Whatley et al. 1979) . However, this hypothesis fell into disfavor when strong evidence emerged that supported a common endosymbiotic origin of mitochondria and hydrogenosomes. Nevertheless, it is still possible that some , could be PFO, PNO, or SR. Numbers in brackets indicate the total number of whole genomes available for that given group. Hug et al. · doi:10.1093/molbev/msp237 MBE similarities between clostridia and hydrogenosomes are the result of LGTs between hydrogenosome-containing eukaryotes and clostridia. Indeed, the closest related ''groups'' to the eukaryotes in the phylogenetic analyses of all five proteins tend to contain many clostridial sequences. We Absence of the gene. The pfo sequences identified for Rhodopseudomonas palustris strains were highly divergent and removed from further analyses. Numbers in brackets either give the number of strains of a given species for which whole-genome data are available (where indicated) or show the number of genomes available for a given group.
The Origins of PFO and Hydrogenase in Eukaryotes · doi:10.1093/molbev/msp237 MBE strongly suggests that the common ancestor of the Clostridiales contained all five proteins, and gene loss may be invoked to explain the absences in certain lineages. Note that even though this pathway seems to be conserved and ancestral within this group, the ''mixed-up'' phylogenies of these proteins themselves (figs. 1-4) suggest that they may have been periodically replaced in various Clostridiales lineages by xenologs from other anaerobic bacteria by LGT. Within the group, it seems that there is evolutionary conservation of a pathway despite the fact it is carried out by enzymes that are phylogenetically more fluid.
An alternative hypothesis for the origin of these proteins in eukaryotes is that they were acquired from the mitochondrial symbiont. To further examine the possibility of an a-proteobacterial origin for these genes, we investigated the distribution of the five proteins among the 87 completed a-proteobacterial genomes ( fig. 6b) . In sharp contrast to the Clostridiales, where at least one of the five proteins of interest was present in every single genome, the five proteins are completely absent (not detectable) from 79 of the a-proteobacterial genomes. Of the eight strains that do contain these genes, Magnetospirillum magneticum strains AMB-1 and MS-1 contain only PFO, whereas Rhodospirillum rubrum ATCC11170 and Rhodopseudomonas palustris (five strains) contain both pfo and [FeFe]-H 2 ase but lack all three hyd genes. In fact, no a-proteobacterial genome contained any evidence for hyd genes, casting some doubt on the functionality of the detected [FeFe]-H 2 ases in these species, although H 2 gas has been detected among the end products of metabolism in species of Rhodospirillum (Imhoff 1992) . The strains that did contain PFO or [FeFe]-H 2 ase (belonging to the Rhodospirillales and Rhizobiales) are not closely related to Rickettsiales, the a-proteobacterial clade from which the mitochondrial precursor is often argued to have arisen (Andersson and Kurland 1999) . However, it should be noted that serious doubts exist as to whether phylogenetic artifacts such as long-branch attraction and extreme nucleotide and amino acid composition biases are responsible for the oft-reported association between mitochondria and Rickettsiales (Esser et al. 2004; Barberà et al. 2007 ). In any case, this patchy distribution among a-proteobacteria as well as the phylogenies of the enzymes themselves (figs. 1 and 2), interpreted parsimoniously, are more consistent with a recent acquisition of these enzymes in the two lineages that contain them (Rhizobiales and Rhodospirillales), rather than an ancestral presence in the a-proteobacteria. Although Esser et al. (2004) reported analyses indicating that eukaryotic mitochondrial proteins show some affinity to R. rubrum, this affinity is not found for eukaryote PFO and [FeFe] -H 2 ases (table 1 and figs. 1 and 2). Furthermore, it seems unlikely (although not impossible) that eukaryotes acquired the Hyd maturases from some heretofore-unknown a-proteobacterial lineage whose genomes encode these proteins given that they are absent from all a-proteobacterial genomes currently sampled.
Conclusions
The origin of proteins involved in anaerobic energy generation in eukaryotes is an intriguing question that is challenged by the lack of available data from anaerobic eukaryotes and the lack of deep phylogenetic resolution in the proteins themselves. Our examination of whole genome and EST databases has identified several new eukaryotic sequences for two of the major enzymes in anaerobic ATP production: PFO and [FeFe] showed a tendency to form an independent group away from the rest of the eukaryotes. Similarly, [FeFe]-H 2 ase orthologues from these same taxa, plus the archamoebae M. balamuthi and one of several homologs from E. histolytica, form a clade that is also clearly distantly related to other eukaryote [FeFe]-H 2 ases; in this case, the statistical support for this independent branching position was strongly supported by bootstrap analysis and topology tests ( fig. 2 and table 1). Our results suggest at least two independent origins for [FeFe]-H 2 ases in eukaryotes and one to two origins for PFO. All five genes showed evidence for LGTs between eubacterial groups. Although none of the analyses provided definitive support for a specific eubacterial sister group of the eukaryote sequences, it is clear that a-proteobacterial orthologues found to date are not specifically related to the eukaryote versions of the enzymes. This evidence, combined with the scarcity of these enzymes in characterized a-proteobacterial genomes, argues against a scenario of a simple single mitochondrial origin for anaerobic energy metabolism in diverse eukaryotes. Although the phylogenies of the enzymes are not well resolved, a consistent trend observed in the Hyd protein phylogenies was a specific affinity of eukaryote enzymes to d-proteobacterial and clostridial homologs. Collection of more sequences from diverse eukaryotes and members of these prokaryote groups may improve phylogenetic resolution and further clarify the origins of these enzymes.
Aside from a mitochondrial origin, several different proposals for the origin of the anaerobic proteins PFO and [FeFe]-H 2 ase exist. It has been proposed that these enzymes could derive from a separate primary endosymbiosis of an anaerobic bacterium that later co-opted some mitochondrial functions (Dyall et al. 2004 ). However, our analyses and examination of the patchy distribution of genes for PFO and [FeFe]-H 2 ase and its maturases in eukaryotes do not suggest a consistent shared phylogenetic pattern between these enzymes, which would be expected from a single common endosymbiotic origin. Alternatively, the phylogeny and distribution of these genes among eukaryotes could be explained by invoking LGT in their origins. Hug et al. · doi:10.1093/molbev/msp237 MBE
